N6-methyladenosine (m6A) residues are present as internal base modifications in most higher eucaryotic mRNAs; however, the biological function of this modification is not known. We describe a method for localizing and quantitating m6A within a large RNA In addition to having 5'-methylated cap structures, many eucaryotic mRNAs contain internal methylated bases. N6-methyladenosine (m6A), the major form of modified nucleoside, has been detected in most higher eucaryotic cell mRNAs, in viral mRNAs, and in the virion RNA of retroviruses (2). Methylation of internal adenosines occurs in the nucleus very rapidly after synthesis of the heterogeneous nuclear RNA precursor to mRNA and before the RNA is spliced (9, 28). While the function of this internal methylation is not known, several observations suggest a significant role for m6A in RNA metabolism.
heterogeneous, in that different molecules of RNA appeared to be methylated differently. Previous studies have determined that methylation occurs only in the sequences Gm6AC and Am6AC. We observed a high frequency of methylation at PuGm6ACU sequences. The possible involvement of m6A in RNA splicing events is discussed.
In addition to having 5'-methylated cap structures, many eucaryotic mRNAs contain internal methylated bases. N6-methyladenosine (m6A), the major form of modified nucleoside, has been detected in most higher eucaryotic cell mRNAs, in viral mRNAs, and in the virion RNA of retroviruses (2) . Methylation of internal adenosines occurs in the nucleus very rapidly after synthesis of the heterogeneous nuclear RNA precursor to mRNA and before the RNA is spliced (9, 28) . While the function of this internal methylation is not known, several observations suggest a significant role for m6A in RNA metabolism.
Some implications for the function of internal base modifications come from methylation inhibition studies, using either cycloleucine or S-tubercidinylhomocysteine to block internal methylation of RNA. These experiments suggest an involvement of m6A in RNA processing events or in the transport of mRNA from the nucleus to the cytoplasm (6, 13, 35) . It is not clear from these studies, however, that the effect of the inhibitors is directly related to the methylation state of the mRNA being examined. Secondary effects of the drugs have not been ruled out. Furthermore, the requirement for internal methylation in mRNA is not absolute, as mature messages without any detectable m6A residues do exist, including globin and histone mRNAs (24, 27) .
In all cases characterized to date, m6A occurs only in the sequences Gm6AC and Am6AC (7, 12, 31, 38) . Preliminary localization studies with specific RNAs have determined that the distribution of m6A within a molecule is nonrandom.
Rous sarcoma virus (RSV), for example, has an average of 10 to 15 m6A residues per virion RNA molecule (4, 14, 36) .
These methylated bases have been detected only in the 3' half of the genomic RNA (4) , even though sequence analysis shows that putative methylation sites (GAC and AAC) are widely dispersed throughout the molecule (32) . Likewise, internal methylation of bovine prolactin mRNA is confined to the 3' two-thirds of the message, with a high concentration of m6A in the 3' noncoding region (17) . Simian virus 40 * Corresponding author.
(SV40) late mRNAs, on the other hand, each contain an average of three m6As, all near the 5' ends of those messages in translated sequences (7) . Adenovirus mRNAs are methylated in the 5' two-thirds of the molecules, and m6As seem, in this system, to be conserved during mRNA processing (9, 33) .
We have developed a method for directly identifying m6A residues within the genomic RNA of RSV. We have precisely mapped seven such sites in the genome, all within protein coding regions. In addition, we have analyzed the extent of modification at individual methylation sites. Earlier studies with SV40 (7) and with RSV (12) suggest that methylation at some specific sites is heterogeneous, with base modification occurring less than 100% of the time. We now present direct evidence of such heterogeneity. Six of seven m6A sites identified were at PuGACU sequences, suggesting a preferred sequence for methylation in RSV RNA. Further, we observed clustering of two or more m6A residues at several specific regions in the RNA.
MATERIALS AND METHODS
Cells and viruses. Prague strain, subgroup B, (PR-B) RSV virus stocks were originally provided by P. K. Vogt. PR-C RSV was recloned from virus stocks provided by R. Guntaka. Virus was grown on gs-chf-chicken embryo fibroblasts (CEF) that were prepared from eggs supplied by SPAFAS, Inc., Norwich, Conn. A full-length clone of Schmidt-Ruppin strain, subgroup A (SR-A) RSV provirus in pBR322 (SRA-2) was obtained from J. M. Bishop (11) . Full-length PR-C RSV DNA in pBR322 (pATV8) was obtained from R. Guntaka (18) . M13 mpll (23) and mpl8 (25) 0.02% bovine serum albumin, 0.02% polyvinyl-pyrolidine, 0.02% Ficoll)-1% sodium dodecyl sulfate-2x SSC-singlestranded salmon sperm DNA (100 ,ug/ml)-polyadenylic acid (100 p.g/ml). Hybridizations were in 50% formamide-0.7 M NaCI-10 mM PIPES (pH 6.6)-4 mM EDTA-0.1% sodium dodecyl sulfate containing 1 x 106 to 2 x 106 cpm of 32P-labeled RNA. Vials were placed at 65°C for 10 min to denature RNA. then transferred immediately to 42°C, and hybridized with shaking for 16 to 20 h. Filters were removed from hybridization buffer (buffer was saved for subsequent rounds of hybridization) and washed with 3 volumes of 0.3 M NaCI-10 mM Tris-hydrochloride (pH 7.4) (buffer B). Filters were incubated for 3 h at room temperature in 0.3 ml of buffer B containing 10 U of RNase T1 and then washed with buffer B until 3-P in the wash was at background levels. Hybridized RNA was eluted by boiling in water for 1 min and quenching. RNA Barrell (3) . The first dimension was on cellulose acetate strips (Schleicher & Schuell) in pH 3.5 buffer (5% acetic acid, 0.5% pyridine). Strips were presoaked in buffer containing 7 M urea. The second dimension was either on DEAE-cellulose paper (Whatman DE81) in 7% formic acid or on DEAE-cellulose plates by homochromatography with homomix c (3). The fingerprint was exposed to XAR-5 film and candidate oligonucleotides were identified and eluted with 30% triethylammonium carbonate, pH 10.0 (3). Eluted oligonucleotides were dried, washed with water, and then resuspended in 10 RIl of 50 mM ammonium acetate (pH 4.5) plus 5 U of RNase T1, 0.04 U of RNase T2, and 0.5 ,ug of RNase A. After digestion at 37°C for 1 h, the 3'-phosphate mononucleotides were dried in a desiccator, washed, and resuspended in water for spotting onto 3MM paper (46-by 57-mm sheets). A marker lane of 32P-labeled RNA digested with RNase ARNase T1-RNase T2 was also spotted. Mononucleotides were separated by electrophoresis in pH 3.5 buffer. The marker lane was visualized by autoradiography and used as a guide for excising the Ap/m6Ap spot from each sample lane. Nucleotides were eluted from 3MM with water, dried, and assayed for m6Ap by thin-layer chromatography on cellulose plates. Plates were developed in isopropanol-5% ammonium acetate (pH 3.5) (65:57.5) to separate m6Ap and Ap. The identity of oligonucleotides on fingerprints was determined by partial sequence analysis. T1 oligonucleotides were eluted and digested with RNase A, and the products were electrophoresed on DEAE-cellulose paper at pH 3.5 (3) . RESULTS Localization of methyl-3H-labeled RSV RNA to restriction fragments. Methylation of RSV RNA consists of a 5'-methylated cap sequence and internal methylated m6A residues (14) . The genomic RNA of PR-B RSV contains an average of 12 m6A residues per 9,500 nt, whereas 15 and 10 m6A residues have been observed in B77 and SR-A RSV RNAs, respectively (4, 14, 36) . The majority of these modified bases are localized in the 3' half of the molecule, with about five m6A's, on the average, in the src region of the genome (4) .
To confirm and extend these findings by a more direct method, PR-B RSV genomic RNA was labeled in vivo with either [methyl-3H]methionine, so that 3H would be incorporated only into methylated nucleotides, or with [3H]uridine. The labeled RNA was hybridized in solution to cloned SR-A RSV DNA that had been digested with various restriction enzymes. Unhybridized RNA was digested with RNase, and the remaining DNA-RNA hybrid fragments were separated on agarose gels. Figure 1 illustrates the results from four such hybridizations. As expected, methyl-3H-labeled RNA (Fig. 1, BamHI, bands 1350 and 1800) . Similar results were obtained from the other hybridizations. From these, we localized methyl-3H-labeled residues between nt 4500 and the 3' end of the RNA, in the env and src regions of the genome. methyl-3H label also was detected in the 5' end of the virion, probably due to methylations in the cap sequence.
This approach to localization proved to be inadequate for a number of reasons. The differential hybridization efficiencies between fragments made the quantitation of m6A levels difficult. Furthermore, the level of resolution of the technique, limited by the sensitivity of methyl-3H detection, was not sufficient to localize m6A onto small restriction fragments. This low sensitivity also made it necessary to use very long exposure times-up to 18 months-to see an adequate signal in the methyl-3H lanes. It should be noted that on these long exposures, we saw faint labeling of nearly all of the restriction fragments in the methyl-3H lanes. We did not determine whether this was due to nonspecific hybridization or to low levels of methylation in the corresponding regions of the RNA.
Method for precise localization of m6A residues. The following procedure was devised as a more exact means of localizing m6A residues. For all subsequent studies, RNA from the PR-C strain of RSV and DNA from a full-length clone of PR-C (pATV8) were used. The entire nucleotide sequence of this clone has been determined (32) . A map of relevant restriction endonuclease sites is presented in Fig. 2 . DNA from subclones or from gel-purified restriction fragments of pATV8 was immobilized on individual nitrocellulose filters and hybridized with genomic RNA labeled in vivo with 32Pi. In some experiments, hybridization was performed in solution. Unhybridized RNA was removed, and hybrids were denatured to release [32P]RNA corresponding to the region of the genome being analyzed (see above). This RNA was digested with RNase Tl, and the resulting oligonucleotides were separated in two dimensions. RNA from each genomic region was fingerprinted both by paper electrophoresis and by homochromatography in the second dimension. Representative T1 fingerprints are depicted in Fig. 3 . Since the sequence of each isolated RNA fragment is known from the sequence of pATV8 and since the target site for methylation is either GAC or AAC (12), it was possible to predict which T, oligonucleotides might contain one or more m6A residues.
These candidate oligonucleotides were eluted from the RNA fingerprint and further digested with a mixture of RNases A, Tl, and T2. The resulting 3'-phosphate mononucleotides were analyzed in two dimensions to separate m6Ap from unmodified nucleotides (see above; Fig. 4 ).
Methylated residues were thereby located within specific oligonucleotides and within the genomic sequence. The sequence of each positive oligonucleotide was confirmed by eluting that same spot from a parallel T1 fingerprint, digesting with RNase A, and separating the resulting products by electrophoresis on DEAE-cellulose paper in pH 3.5 buffer (3) (data not shown). For each fragment of RNA, the two fingerprinting methods led to the localization of m6A within the same oligonucleotides.
Using this technique, we analyzed a heavily methylated MOL. CELL. BIOL. Crosshatched regions indicate pBR322 sequences present in SRA-pBR322 junction fragments. Positions of the corresponding fragments on the agarose gels, detected by ethidium bromide staining, are indicated in (A). Extra, unidentified hybrid bands were seen reproducibly in this type of experiment. These bands were not further characterized. Fragments hybridizing with methyl-3H-labeled RNA are outlined in bold ink on the restriction map in (B). These fragments include the 5'-methylated cap sequence as well as sequences mapping between nt 4500 and the 3' terminus of the viral genome, as indicated above the map. region of PR-C genomic RNA, extending from nt 6185 to 8050, and located seven sites of internal methylation. These lie at positions 6394, 6447, 6507, 6718, 7414, 7424, and 8014 (nt numbering is as described by Schwartz et al. [32] ). Initially, hybridizations were performed in solution with gel-purified restriction fragments from the full-length clone, pATV8. This led to the identification of sites 7414 and 7424 within RNA complementary to a HindII-AvaI fragment spanning nt 6983 to 7459. When this RNA was digested with RNase T1, nt 7414 migrated as (G)ACUG in a twodimensional fingerprint, and 7424 was found as (G)ACUUG (Fig. 3) . Each of these oligonucleotides is present only once in this 476-base region of RNA, so the identification of the m6A sites was unambiguous here.
Solution hybridization of a 503-base AvaI fragment (nt 7916 to 8419) led to the detection of an m6A signal in an oligonucleotide migrating as AC2U2G. However, both ACUCUG (A = 8014) and ACUUCG (A = 8339) are present in this fragment, and both are candidates for methylation. Thus, this identification of an m6A site was ambiguous.
Filter hybridizations with PstI subclones. To clearly identify this m6A site and to confirm the results for positions 7414 and 7424, we generated a set of PstI restriction fragments to use in hybridizations (Fig. 2) . In addition, since gel-purified for m6A, however, we detected a signal both at Ap and at the m6Ap position on the final thin-layer chromatograph (Fig. 4) Table  1 . Thin arrows refer to points on the genome which are potential splice acceptor sites, based on the consensus sequence PyPyNCAG/Pu (5) . The true src gene splice acceptor site is indicated by a bold arrow. The sequences at nt 6522 and 6738 (see text) are not strict splice consensus sequences and are not depicted here.
DISCUSSION
We have developed a method for precisely locating m6A residues within an RNA molecule and have applied it to the analysis of RSV genomic RNA. We observed clustering of m6A sites at nt 6394, 6447, and 6507, at nt 7414 and 7424, and at nt 8014 with either 7890 or 7981. Since our method is quantitative, we were able to determine that methylation is heterogeneous; a given site is not modified in all molecules.
Methylation sequence. By identifying m6A residues within RNAs, we hope to come closer to defining a possible role for internal mRNA methylation. The m6A residues which we have located in genomic RNA are all in src and env gene coding regions. The remaining, unidentified sites are likewise clustered in the 3' half of the genome ( Fig. 1 and  reference 4) . In other systems there are differing results on the overall distribution of m6A within RNA (1, 7, 17) . In addition to the minimal recognition sequences, GAC and AAC, some higher order of specificity is needed to explain this varied positioning of m6A in different RNAs. In mouse L cells, Gm6AC is most often preceded by a purine and followed by A, C, or U (31). Likewise, in HeLa cells, the nucleotide on the 3' side of the methylation sequence (Pum6AC) is A, C, or U (38) . In the B77 strain of RSV, a purine comes before Gm6AC ca. 85% of the time, and GAC is used most frequently (12) .
Our localization results allowed further sequence characterization of methylation sites in PR-C RSV RNA, derived from virus grown in CEF. The oligonucleotides which contain m6A residues are (GAG)ACUAG, (GGG) ACUUAUUG, (UUG)ACUUCUUG, (AGG)ACUG, (UG-G)ACUG, (CGG)ACUUG, and (AAG)ACUCUG. Therefore, we can identify a preferred methylation sequence of PuGACU for these GAC-specific sites. In a random sequence, PuGACU would occur once every 512 nt. In fact, in the entire PR-C genome, there are 19 such sequences, a frequency of 1 every 490 nt. In the 1865 bases that we analyzed (nt 6185 to 8050), this sequence was present nine times, more than twice the expected frequency. Of these nine, six have been identified as unambiguous sites of methylation, one is among the possibilities for the ambiguous sites, and two remain uncharacterized for m6A (Table 1, (Table 1) , but these are both only minor sites of methylation. The 5,000-nt gag and pol region of the genome, which is deficient in methylation, has only seven PuGACU sequences (1 every 715 nt).
Clustering of m6A residues. It is possible, then, that there is clustering of preferred methylation sequences in a region of RNA which becomes highly modified. A schematic representation of part of the PR-C genome (Fig. 5) indicates that m6A residues are also grouped together. This phenomenon could be important functionally. In addition, it might reveal something about the conformation of the RNA in the cell. Presumably, a methylase will only act upon those sites which are accessible to it. Sequences that are not methylated may remain unmodified because they are buried within the folded RNA molecule. Methylation could be a useful probe, then, for RNA secondary and tertiary structure.
Heterogeneity of internal methylation. We have shown that internal base modification is a heterogeneous process; not all RNA molecules have the same methylation pattern. This suggests that the total number of different m6A sites will be larger than the average number of 10 to 15 m6A residues per RSV RNA molecule (4, 14, 36 (26, 29) . Upon cleavage at a 5' splice site, the 5' end of the intron forms a 5'-+2' bond with an internal nucleotide in the intron, thus creating a branch at that nucleotide. Similar branched structures have been characterized in the nuclear polyadenylated RNA of HeLa cells (37) . In more than 80% of these structures, the base at which branching occurs is adenosine, frequently within either GA*C or AA*C sequences, where * designates the branched residue. In general, the branch point is situated 25 to 40 bases upstream from the 3' splice site (29) . It has been proposed that m6A may be a positive signal for branch formation (39) . However, the preferred sequence that we have derived for RSV RNA methylation (PuGACU) is similar, though not identical, to the consensus sequence derived for branch sites (PyNPyPyPuAPy) (19, 29, 39) (16) . No major differences have yet been detected between the fulllength molecules which serve each of these functions, but the possibility of more subtle differences, such as methylation, remains to be investigated.
